ABSTRACT
INTRODUCTION
Microbial ecology addresses a variety of issues that range from the function of a single population to the myriad interactions of complex communities. Researchers in this field have the added the challenge of scope because microbial diversity and community dynamics must be inferred using indirect methods. Unfortunately, the tools for discriminating and measuring microbial populations are far from ideal. One of the challenges is that microbial communities are exceedingly diverse, with estimates suggesting between 4000 and 10 000 different microbial genomes per gram of soil or sediment (1, 2) . These estimates are based on DNA-DNA re-annealing curves, yet traditional isolation techniques have recovered only a small fraction of this estimated diversity (3) (4) (5) . Limitations to culturing include the inability to predict the proper culture medium to select unknown organisms, and the propensity of fast-growing organisms to outgrow and overshadow the more relevant organisms that grow more slowly. The development of molecular approaches to community analysis have circumvented the need for cultivation because phylogenetically informative DNA sequences can be directly screened from the environment.
The most widely used techniques for organism identification and community analysis include those based on 16S rRNA (rrn) genes because of the quality of phylogenetic information, rapid and straightforward procedures, and large databases of sequence information. Despite the advantages of ribosomal DNA sequence analysis for studies of bacterial isolates, limitations exist for using rRNA genes to analyze mixed communities (6) (7) (8) (9) . Problems arise as a result of organisms that have variable numbers of copies of the rrn operon (10, 11) and sequence heterogeneity between operons (12) . While intracistronic heterogeneity has been cited as a source of "noise" for determining the phylogenetic rank of an isolate (12) , the influence of rrn operon copy number and sequence heterogeneity on community analysis techniques is much more serious. The problem is that microbial communities, in almost all instances, are mixtures of unknown organisms with unknown numbers of copies of the rrn operon.
Techniques for the rapid evaluation of community diversity have several features in common. First, total genomic DNA is extracted from an environmental sample, and sequences of 16S genes or intergenic spacer regions are copied and amplified above the background of the genome using PCR. These copies of DNA are then subjected to various discrimination methods, including electrophoretic separation of fragments based on length, melting temperature, or restriction fragment lengths. The number of different electrophoretic bands or peaks in the analysis serves as a proxy for diversity, as the different ribosome types (ribotypes) are considered unique to a group of organisms. [Note that the term "ribotype" is used here in terms of a class of RNA, as opposed to the ribotype theory of the origin of life (13) .] For all techniques, the signal intensity of a particular peak reflects the number of copies of the DNA fragment that contribute to that peak. Unfortunately, the presence of variable numbers of operons for organisms in diverse communities leads to a mixture of overlapping signals, multiple signals for single populations, and distorted estimates of abundance between organisms. The result is a complicated portrait of community diversity that is difficult to interpret. To acknowledge the potential biases in these techniques, authors prudently advise readers to "interpret these data with caution."
For researchers to develop sound experimental designs, accurate hypotheses, and meaningful conclusions regarding community structure and function, sources of systematic error in community analysis techniques must be identified and quantified. Biases related to genomic DNA extraction and PCR amplification are well documented (14) (15) (16) (17) (18) (19) (20) (21) . The goal of this paper is to illustrate how rrn operon copy number heterogeneity influences the interpretation of four commonly used 16S rDNA-based community analysis techniques. A hypothetical community was constructed using gene sequences retrieved from the Comprehensive Microbial Resource (CMR) database, which is a collection of completely sequenced and annotated genomes compiled by The Institute of Genomic Research (TIGR) (Rockville, MD, USA). DNA sequences encoding the 16S rRNA gene and adjacent spacer regions were used for an in silico comparison of four major community analysis techniques: length heterogeneity PCR (LH-PCR) (22) , automated ribosomal intergenic spacer analysis (ARISA) (8), denaturing gradient gel electrophoresis (DGGE) (23) , and terminal RFLP analysis (T-RFLP; with restriction enzymes RsaI, MspI, and HhaI) (9) . Sequences were analyzed according to the priming sequences and discrimination methods for each technique. Diversity indices were calculated based on the observed distribution of fragment sizes (or melting temperatures for DGGE) and then compared with the ideal or "true" diversity indices for the hypothetical community. The results demonstrate that rrn operon copy number heterogeneity strongly influences the interpretation of 16S rDNA-based community analysis techniques.
MATERIALS AND METHODS
The CMR database, maintained by TIGR (www.tigr.org), was the source of the genome sequences analyzed in this report. The CMR database was selected over GenBank ® because it contains all of the rrn operons for each organism. The organisms evaluated had rrn operon copy numbers ranging from 1 to 10, with 47% of organisms having either one or two operons and 71% having up to four (Figure 1 ). This distribution of operon frequency in the CMR database approximates the operon frequency for organisms in the Ribosomal RNA Operon Database (rrndb) Release 2.3 reported by Klappenbach (24 With this constraint, members of the domain Archaea were excluded from the analysis. In addition, the hypothetical community was limited to a single strain of a given species in the event that multiple strains were reported. This reduced the magnitude of the rrn operon copy number bias that could be attributed to the characteristics of any particular species. The sequences for forward and reverse primers, as previously published for each method, were used to search for corresponding sites within the DNA sequence. When these sites were found, subsequences were extracted that represented the fragment between the 5′ end of the forward primer and the 3′ end of the reverse primer. The lengths of these fragments were recorded for the LH-PCR and ARISA techniques, while fragments for DGGE and T-RFLP underwent further manipulation. Sequence fragments for DGGE were exported to the Winmelt software package (MedProbe AS, Oslo, Norway) to estimate the T m of the lowest melting domain. For T-RFLP, sequences for a given restriction enzyme were used to identify the fragment length between the 5′ end of the forward primer and the first instance of the restriction enzyme cutting site. For all techniques, the fragment lengths (or melting temperatures, as in the case of DGGE) were plotted as histograms to simulate the electropherogram type of output that is common to the automated techniques. DGGE differs in this regard but was similarly plotted to facilitate comparisons between the techniques.
To reduce bias unrelated to copy number, all members of the hypothetical community were assumed to be equally abundant, with an equal ratio of genomes. This eliminates the complication of variable cell densities or growth rates and allows for meaningful com-parison of diversity indices. A final assumption was that there was no PCR amplification bias as a result of primer annealing efficiency. The 65% similarity cutoff between the primer and potential targets represents a PCR amplification reaction with low stringency. In reality, the type of systematic error attributed to primer bias is a serious complication of PCR-based community analysis techniques (17, 21) and only exacerbates the errors contributed by rrn operon copy number heterogeneity.
Diversity indices were calculated for each technique, based on the observed fragment distribution, where each unique fragment type represented a particular ribotype. The ShannonWeaver index was used as a diversity index and was calculated as follows:
[Eq. 1] where the summation is over all unique fragments i, and p i is the proportion of an individual "peak height" (i.e., number of same-sized fragments) relative to the sum of all peak heights (i.e., total number of fragments). Richness is the number of unique fragment sizes (or melting temperatures) identified by each technique. No minimum signal intensity threshold was used to determine peak richness, although cutoffs are commonly applied to the interpretation of real community analysis data. Evenness, or the equitability of the observed ribotypes, was calculated from the ShannonWeaver diversity function, where: E = H/ln (richness).
[Eq. 2] At the same time, true values for richness, evenness, and the ShannonWeaver index were calculated based on the known species composition of the hypothetical community, assuming that each species would contribute only one ribotype for each technique. For this hypothetical community, 41 ribotypes were present at equal abundance. The observed values for the diversity indices were then compared with the true values to gain insight into the type and magnitude of bias as a result of operon copy number. Table 1 presents the amplification product lengths, melting temperatures, and restriction fragment lengths for each organism. The table is organized such that the discriminating power of the different techniques can be evaluated for any given organism, while generalizations about each technique can be made by perusing the columns. Entries highlighted in bold represent fragments that have two or more members in common, while the number of fragments of each length are presented in parentheses. The histograms in Figure  2 represent the distribution of ribotypes for each particular technique. The scales for frequency distribution were kept relevant to each technique, while the gridlines for the vertical axis were set to 10 U. This allows for a visual comparison of the scales between the different techniques.
RESULTS
LH-PCR gave hypothetical amplification products with lengths ranging 314-371 bp, with an average product length of 346 bp and standard deviation of 13 bp. The technique produced a total of 26 unique product lengths for the hypothetical community, where 14 (54%) represented unique peaks, and 12 (46%) peaks contained fragments from two or more organisms. Of those peaks with multiple contributors, the number of organisms within the peak ranged from two to eight. Fragments of 348 bp were highest in frequency, with eight organisms contributing 40 copies of the LH-PCR fragment to this peak. In addition, there were 11 organisms that contributed 52 copies of the fragment within a size range of 5 bp (352-356 bp). The incidence of interoperon heterogeneity (heterogeneity within the same organism) was relatively low, with only five organisms with more than one fragment length. Of the organisms with heterogeneous copies of length heterogeneity fragments, four had fragments that differed by only one base pair. Bacillus subtilis was the exception, with four unique fragment lengths of 352, 353, 354, and 355 bp.
For ARISA, the hypothetical amplification products ranged 308-1576 bp, with an average of 751 bp (SD 239). The product lengths were typically unique, with six instances in which a maximum of two to three organisms contributed to a peak. Three organisms did not contribute an amplification product because of the orientation of the 16S and 23S rRNA genes within the operon or because they lacked a sufficiently similar priming site (less than the 65% sequence similarity criterion). Those organisms that did not contribute a product tended to have a low operon copy number, falling in the range from one to two copies. Of the organisms with multiple operons, only Deinococcus radiodurans gave an instance of a missed product for one of its operons. Despite the presence of organisms with no hypothetical product, ARISA yielded several peaks that exceeded the true richness of the community. The hypothetical community of 41 organisms gave a total of 68 peaks. For organisms with multiple rrn operons, the number of unique amplification products was almost equal to the number of operons (Table 1) . For example, Staphylococcus aureus gave five unique product lengths for six operons, and B. halodurans gave six distinctly different product lengths for each of its six operons. These length differences were more than 1-2 bp, as would be indicative of a minor insertion or deletion event. In many instances, the length differences were tens or hundreds of bases apart, likely corresponding to the presence or absence of various tRNA sequences in the intergenic spacer region (25) . This result demonstrates a combination of two systematic errors for the ARISA technique: (i) the underestimation of community diversity through missing or overlapping sequences and (ii) the overestimation of diversity due to heterogeneous amplification product lengths for a single organism.
The profile for DGGE showed a range of melting temperatures from 70.4°C to 79.4°C, with an average temperature of 74.0°C and standard deviation of 1.7°C. The analysis gave a total of 32 different melting temperatures, with nine temperatures representing amplification products from multiple organisms. Of the peaks with multiple contributors, seven contained only two members and the other two contained four members. The incidence of melting temperature heterogeneity for a single organism was low, with only five organisms that gave multiple signals. For those with multiple temperatures, the differences were frequently limited to a tenth of a degree.
For the T-RFLP analysis, three en- Table 2) . DGGE gave a richness estimate of 32 members, while T-RFLP gave values of 42, 40, and 38 for RsaI, MspI, and HhaI, respectively. In this hypothetical community, the true measure for evenness was equal to 1.0, as all species were equally abundant. ARISA ranked highest with a value of 0.951, followed by DGGE (0.900), T-RFLP (0.904 for RsaI, 0.885 for MspI, and 0.881 for HhaI), and finally, LH-PCR (0.814). The Shannon-Weaver diversity index was used to account for the abundance and evenness of ribotypes generated by each technique. A comparison of values for this index showed that most techniques underestimated diversity, with the exception of ARISA (due to biases noted earlier).
All other values fell below the true value of 3.714. The diversity indices for each of the techniques, in rank order, are as follows: ARISA (4.012), T-RFLP RsaI (3.378), T-RFLP HhaI (3.206), T-RFLP MspI (3.263), DGGE (3.120), and LH-PCR (2.653).
DISCUSSION
Clearly, the rrn operon copy number has an effect on community analysis techniques based on 16S rRNA genes. Some of these techniques tend to combine signals into a single peak, while others tend to generate multiple signals for a single organism. However, for all of these techniques, the fact that an organism has multiple copies of an operon leads to a quantitative bias for that organism. The magnitude of this bias depends on several factors, including the range of fragment sizes generated by the primer sets, the region of the rrn operon amplified, and the discriminating power of capillary and gel electrophoresis.
LH-PCR suffers most from overlapping signals because it requires the discrimination of small base pair differences. As an example, the original reference for LH-PCR illustrates how amplified products from soils form a contiguous distribution (22) . This technique has been previously cited as a tool for quick assessments of changes, but the meaning of any such change is difficult to assess. For example, the loss of a high copy number organism would result in a more pronounced response than the loss of a low copy number organism. Thus, more attention would be drawn to drastic changes in large peaks, rather than subtle changes that may be (2) 373 (2) Yersinia pestis 348 (6) 746 (3), 806 (3) 75.5 (6) 884 (6) 373 (6) Values represent amplified PCR fragment lengths for LH-PCR and ARISA, melting temperatures of the lowest melting domains for DGGE fragments, and restriction fragment lengths for T-RFLP (RsaI and HhaI only, MspI not included). The number of copies of each fragment are noted in parentheses, and the values in bold represent fragments that overlap in size with one or more organisms within the technique. equally or more relevant. ARISA has also been cited as a valuable tool due to its simplicity and rapidity. Use of the intergenic spacer region has the advantage that ISR fragment banding patterns confer a finer degree of phylogenetic resolution for microbial isolates compared to fragment analysis of 16S rRNA genes. Unfortunately, heterogeneity in the lengths of intergenic spacer regions is a serious complication for studies of mixed communities. The magnitude of the problem is strongly influenced by the number of organisms with high copy number, as opposed to the number of organisms with fewer copies. Of the 22 organisms that gave a singular response, the average copy number was 2.45 (SD 1.37), compared to the copy number average of the whole population, which was 3.67 (SD 2.49). For comparison, the 16 organisms that gave multiple signals had an average of 5.88 copies of the operon (SD 2.25). Another observation is that the organisms that did not give a signal (because of sequence variation relative to the "universal" PCR priming sites) also tended to have a low copy number. Again, this suggests that organisms of potential relevance to the function of the community may be overlooked.
Techniques such as DGGE and T-RFLP also demonstrate copy number bias, but to a lesser extent than LH-PCR or ARISA. For DGGE, heterogeneity between operons was typically limited to a single base change between the DGGE fragments, which corresponded to a temperature difference of 0.1°C. The technique also displayed examples of overlapping sequences as a result of two or more organisms sharing the same ribotype. One point to consider for the hypothetical DGGE analysis is that melting temperatures were estimates rather than discreet values. Thus, in this hypothetical scenario, the bias due to overlapping fragments may be greater or less than the bias observed experimentally. Another consideration for the hypothetical analysis of the DGGE technique is that DNA fragments are normally separated and visualized by gel electrophoresis, rather than automated capillary electrophoresis. Thus, the degree of resolution of a gel may differ from the electropherogram type of output that is common to the other techniques.
T-RFLP analysis with each of the three restriction enzymes showed heterogeneity between operons but was typically limited to 1-2 bp. This corresponds to minor insertion or deletion events (indels) occurring between the operons. The disruption of a restriction Calculations for the ideal values were based on an a community with all populations at equal abundance. enzyme cutting site was also observed in the hypothetical community, although the incidence of this type of mutation was much less frequent. Regarding the discriminating power of T-RFLP, the wider range of possible fragment lengths led to a finer level of separation than for LH-PCR or DGGE. However, the T-RFLP profile also included several small peaks that abutted larger peaks, which, in practice, may not be finely differentiated. Another consideration for T-RFLP profiles and the other techniques is that interpretation often involves a cutoff for peaks that fall below a given intensity threshold. For this hypothetical analysis, no threshold was set, although several peaks were present at very low frequency relative to the larger peaks. Including such a cutoff would have had the effect of omitting signals from some of the heterogeneous operons of a single organism and from low copy number organisms. This would have influenced the calculation of the diversity indices and resulted in a lower estimates of diversity. According to the Shannon-Weaver diversity index calculations, T-RFLP comes close to approximating the actual diversity of the hypothetical community. However, it should be emphasized that, in this case and for all techniques described here, the bias of overlapping fragments directly offsets the bias of multiple signals by a single organism. Thus, two compensating errors do not necessarily yield a correct answer. A potential limitation of this study is the fact that the CMR database currently emphasizes medically relevant organisms. These organisms may be systematically different in their copy number compared to environmental isolates, although comparison with the less medically oriented rrndb suggests that the copy number distributions are quite similar. The current size of the CMR database and the restrictions for inclusion in the hypothetical community also limit the scope of this analysis. However, the behavior of the ShannonWeaver diversity index with respect to richness (for communities of uniform abundance and therefore an evenness value of 1.0) lends some insight into the value of this small subset of organisms (Figure 3) . At low diversity, the addition of a single population has a large impact on the diversity index value because the proportion of the new population is relatively large compared to the total number of populations. As the community grows, the impact of each additional population becomes smaller and smaller. Given the observation that the diversity index changes most abruptly for communities of less than 20 organisms, it would appear that a hypothetical community of 41 organisms is sufficient to make meaningful conclusions regarding the analysis techniques described here. (Note that the various diversity indices used in this analysis may not be appropriate for "real" 16S rDNA-based fragment analyses due to biases inherent in PCR amplification, fragment discrimination, and operon copy number issues.) Additions to the database and updated hypothetical analyses will determine whether these trends remain consistent.
It is instructive to observe the histograms generated by each technique for the hypothetical community. All organisms were equally represented on the basis of population densities, but the histograms show a wide variation in the ribotype abundance and diversity. This illustrates how peak amplitude can be deceptive in community analysis. Changes in the height of a particular peak can be caused by the growth or loss of a single population, while subtle changes in smaller peaks are overlooked or discounted. Understanding the rrn distribution for organisms in a particular environment would improve the application and interpretation of molecular analyses. Recent studies (11, 26) suggest that variation in the copy number of the rRNA genes is related to the ecological strategy of an organism. That is, organisms with multiple copies of the rrn operon are able to mobilize quickly in response to rich growth conditions. Organisms with fewer rrn operons are more limited in their rate of ribosome synthesis and mobilize less quickly to an influx of nutrient into an environment. How does the dynamic nutrient profile of an environment shape the composition and, in turn, function of the microbial community? It may be that organisms of low rrn operon copy number comprise a significant portion of the microbial diversity, while high copy number organisms flourish during nutrient perturbations. These "fast responders" with high copy number are the same kinds of organisms that promptly appear on culture plates under traditional culturing methods, overshadowing the organisms that grow more slowly. Note that molecular-based tools were developed in part to avoid the bias of culturebased techniques, while the results of this study suggest that 16S rDNAbased molecular techniques may overemphasize the same organisms.
Another point to consider is the term ribotype, which is often meant to convey the sequence similarity of the 16S rRNA genes between two organisms. Ribotyping is used to describe the unique banding patterns of the rRNA gene using various methods of discrimination (restriction fragments, length heterogeneity, etc.) Two organisms are said to have common ribotypes when they give identical signals for a given technique. This hypothetical analysis demonstrates that while restriction fragment sites and gene fragment lengths may be in common for one technique, minute differences in the DNA sequence may yield divergent responses for another technique. Thus, it should be made clear that the concept of ribotype as a measure for diversity is entirely technique dependent.
This study provides an initial exploration of rrn operon copy number bias, based on the content of the databases available to date. Further investigation may lead to the refinement of existing methods and/or the development of correction factors for improved estimates of community diversity. In the meantime, method development should be directed toward technologies that are based on single copy genes and/or new discrimination methods. Until these new techniques are readily available and broadly applicable, researchers should continue to interpret rrn-based techniques with caution. 
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